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ABSTRACT
The use of central venous catheters for chronic hemodialysis treatment is
common. Though designs vary widely, most share several common traits. All
catheters have one or more lumens for transport of blood or other fluids; these may be
circular, of other common shapes, or arbitrary in cross-section. Many catheters also
include one or more side holes serving as inlets or outlets for flow through a lumen.
In this investigation, these features are simulated using a variety of generic catheter
configurations. Using an air-based experimental system developed for this study,
their effect on the pressure drop along a lumen is observed across a range of flow
rates relevant to actual catheters and summarized in the following.
It is found that pressure drop through a plain lumen can be predicted
accurately using a relatively simple addition to a fully developed flow approximation
(Poiseuille's Law). The shape of the cross-section of a plain lumen appears to affect
pressure drop, with those shapes closer to an ideal circular lumen the most efficient.
It is also found that side hole inlets significantly increase pressure drop along a
lumen. The size of the side hole directly affects this pressure drop. with smaller holes
causing larger pressure drop. Side hole shape. however. appears to have a relatively
minor impact on pressure drop. Sudden expansions in duct diameter such as those
seen in the head-junction of a catheter appear to have only a minor affect on pressure
drop. Similarly. the addition of relatively large diameter tubing following a lumen
causes only a small increase in pressure drop. with the majority of the pressure drop
occurring along the main lumen itself.
1. INTRODUCTION
1.1 PREVIOUS RELATED INVESTIGATIONS
Hemodialysis, the process of artificially cleansing a patient's blood, is a
commonly required procedure for patients whose innate filtering system has failed.
The kidney of a healthy individual will naturally clean the blood as needed. In some
patients, the body's ability to filter is impaired by hypertension or many other
common disorders leading to organ failure. This breakdown in the body's filtration
capacity can be temporary or permanent. (Guyton 2000)
The worst forms of such pennanent kidney malfunctions are often referred to
as end stage renal disease (ESRD). In some cases, patients can receive a kidney
transplant, and the body will resume the normal filtration process. For others with
ESRD. a transplant is not an option. (Guyton 2000) For these patients, hemodialysis
must be performed several times each week (possibly daily), with each session lasting
three to eight hours. At best. this is an inconvenient proposition for patients who
frcquently must visit a clinic and remain seated during the entire procedurc. Common
complaints associated with the proccdure include headaches, nausea. and musclc
cramps. (Andcrson 2002)
An intricate and cxpcnsivc apparatus is requircd to filtcr thc blood. which
must be pumped from the body. passed through a filtration network. and rcturned to
the bloodstream. To perfonn hemodialysis. thc paticnt's blood must be remo\'cd and
rcplaced via an access site on the body. Inserting a catheter into the Superior Vena
Cava. a large vein that supplies blood to thc heart. is a common method of providing
such access. (Guyton 2000) The blood is drawn through a duct within the catheter
known as a lumen. As all of the blood to be cleansed must be transferred through this
catheter, its role in the system's overall performance is significant.
Multi-lumen catheters have become the standard for accessing a patient's
blood during hemodialysis. Despite their prevalent use, there remains a good deal of
uncertainty regarding pressure drop along a lumen. Most researchers have employed
a rather basic analysis of the flow. Investigations modeling blood flow through a
lumen as a fully-developed laminar flow include Mahurkar (1985), Hoenich and
Donnelly (1994), Mankus, Ash, and Sutton (1998), Schwab and Beathard (1999),
Depner (200 I), and Grigioni (2004).
The linear relationship between pressure and flow assumed in these studies
has been amended in other investigations to include several more complex models.
Yamauchi, et al. (1999), Mareels, Wachter, and Verdonck, et al. (2004), Watkins-
Pitchford and Zlm (2004), and Jones (2005) all note that fully-developed laminar flow
may not exist throughout a lumen and employ models assuming some degree of
turbulent flow.
1.2 UNRESOL VED ISSUES
Laminar Flo\\'. Whilc many rcscarchcrs havc used the Poiseuille modcl to
predict losses through hcmodialysis catheters, this method may not be entircly valid.
A fundamcntal assumption of this modcl is steady, laminar flow through thc lumen.
Flow through a cathcter may be disturbed by the unusual entry conditions due to side
holes (also commonly knO\\ll as side inlets or ports). Abnonnally shaped cross-
sections may also delay or prevent development of laminar flow. Flow generated by
the human heart or roller-style pumps common in dialysis machines is also unlikely
to be completely steady (Depner 200 I). Higher flow rates made possible by
advances in dialysis equipment may also push flow into transitional or turbulent
regimes. Because a number of assumptions inherent in the Poiseuille model are likely
to be violated (Roos 1962), it may not be an ideal method for analytically predicting
pressure loss in a catheter.
Cross-sectional Shape. Most theoretical models for predicting pressure drop
are based on a lumen of circular cross-section. In practice, catheter lumens are very
often of an irregular shape. Sharp corners or other similar features of these cross-
sections may effect the development of laminar flow.
Side Hole GeometlJI. In many catheter designs, flow enters or exits a lumen
through one or more side holes. Commercial catheters feature a wide variety of hole
sizes and shapes. as well as numbers of holes. These holes are characterized herein
by the dimensionless ratio of hole diameter (d) to lumen hydraulic diameter (Oh). It is
anticipated that this value will dictate the pressure drop due through a side hole.
Blood-based Studies. A number of studies have investigated some aspect of
catheter perforn1ance. commonly using either blood (animal or human) or simulated
blood (typically a mixture of glycerol and water). Using blood as a working fluid
presents obvious problems for the researcher. Obtaining and storing enough blood to
complete as many tests as desired may be difficult. Insuring proper sanitation is
another critical concern. With either blood or simulated blood as the working fluid.
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draining all or a portion of the experimental network may be necessary to change
components or maintain the experimental rig. The difficulties presented by these
fluids make an alternative method of testing desirable.
Objectives. This investigation uses an air-based flow network to measure the
pressure drop through various catheter-like configurations. This apparatus will
provide measurements of pressure and flow rate at levels representative of actual
catheter use. The effect of lumen cross-section on pressure drop will be studied. The
influence of the presence, size, and shape of side holes and other catheter features,
such as the head junction and associated tubing will also be examined.
2. EXPERIMENTAL SYSTEM AND TECHNIQUES
An overview of the experimental facility is shown in Figure 2. The system is
designed to direct high pressure flow through a lumen. This is done by drawing air
through a tubing network tenninating in one of two acrylic test chambers (Plenum 1
or Plenum 2 in Figure 1). A catheter can be mounted perpendicularly to the
downstream end of either plenum (see Figure 8 and Figure 9). Each plenum is 0.184
m in diameter in order to avoid interaction between the surfaces and flow entering a
catheter.
Both plenums also include a pressure tap for connection to a high sensitivity
pressure transducer. Validyne Engineering (model OPI5) transducers (see Figure 5).
are used to measure the pressure within each plenum. These are variable reluctance
transducers that contain a flexible diaphragm designed to accurately measure pressure
within a specified range. For this experiment. the diaphragms in use (#3-24) can
measure pressures up to 2200 Pa (gage pressure).
Flow is directed entirely through either branch of the network. Each branch is
equipped to monitor flow rate and divert air to the desired plenum. In order to
measure the flow rates in the upper and lower branches (as shown in Figure 1), high
sensitivity turbine flow meters are installed. The upper unit (shown in Figure 4), an
Omega Engineering (model FLR 1006) flowmeter, is capable of measuring flow rates
from 1.67E-5 to 8.33E-5 m3/s (air at STP). In the lower branch, a similar unit (shown
in Figure 3) from Flow Technology (model FTO-4NIYARGHC-0) measures flow
rates within the range 7.08E-6 to 7.08E-5 m3/s (air at STP).
In order to accurately measure the low flow rates at which this system is
frequently used, both meters have jeweled bearings for increased sensitivity. These
bearings are rather delicate and can be easily damaged by exceeding the upper limit
of range or abruptly changing the flow rate. To protect these units, a needle valve is
located downstream of each flowmeter in order to allow the flow rate to be altered
gradually. This configuration avoids large transients in the flow and associated
spikes in output voltage that may damage the delicate sapphire bearings required in
both units.
The signals from the flow meters and pressure transducers are routed through
a National Instruments BNC-22l 0 data acquisition board (see Figure 6) and collected
using LabVIEW 7.0 software. A LabVIEW -.vi program was created to monitor
transducer output and display both an overall mean value and a continuous plot over
the 10 second sampling intern!. This method was chosen to minimize the potential
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effect of small variations in flow and pressure caused by fluctuations in the air
supply. The plots displayed in the LabVIEW program (see Figure 7) allow the user to
ensure there were no major irregularities during the data collection period. These
data are then recorded using standard spreadsheet software and saved for future use.
The configurations examined in this study, which are chosen for their
relevance to various aspects of commercial catheters, are shown in Figures 8 and 9.
These configurations range from plain tubes (Figure 8) to an actual catheter (Figure
9) having a complex cross-section and one or more side hole inlets. The most basic
configurations allow validation of theoretical models and the method of data
acquisition using the aforementioned flow facility, while the most complex involve
standard commercial catheters. Various levels of complexity between these two
extremes allow isolation of the effect on pressure drop of a specific feature, or set of
common features. generic to commercial catheters. Details regarding specific
configurations are given in the respective sections that follow.
2.1 SCALiNG CONCEPTS AND PARAMETERS
Data collected using an air-based testing apparatus readily describe the nature
of air flow through the lumen. Hemodialysis catheters, however. are a conduit for
blood flow and thus each air-based dataset must be scaled to a blood-based
equivalent. This is accomplished using Reynolds number scaling. a common concept
in the study of fluid mcchanics. A numbcr of studics havc applicd the conccpt of
Rcynolds numbcr scaling to biomcdical invcstigations.
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2.1.1 Dimensionless Groups
Reynolds number is defined Re = pUD in which p is mass density, ~ is the
~
dynamic viscosity, and U is the mean velocity. Specific values for these constants
are included below for both air and blood working fluids. Liepsch (2002) provides a
range of values for the properties of blood, while Fox and McDonald (1998) provide
similar values for air.
By ensuring the Reynolds number of the flow in the air based apparatus is
equal to that of blood flow in the actual catheter, pressure drop data gathered from air
flow can be used to predict the pressure drop from blood flow. The relevant
equations and conversion method are:
Re air =Re blood
[ pUDII ] =[ pUDII ]~ a~ ~ b00d
and
M air =Mblood
[p;;/zL=[p;;/ZLOd
2.1.2 Flow Rate COli version
Example Calculation:
Data taken from the air system. using a plain round tube with a nominal ID of
1.397E-3 m are summarized as:
s
# Q (m3/s)
1 9.42E-06
2 1.38E-05
3 2.08E-05
4 2.85E-05
5 3.58E-05
6 3.99E-05
liP (Pa)
286.46
438.80
738.60
1104.22
1541.59
1932.97
Taking air-based datum #1, the flow rate is 9.42E-6 m3/s and the pressure drop is
286.46 Pa. To convert the flow rate to blood units, Reynolds number equivalency is
employed with the following assumptions:
Dh =0.001397 m
A
c
= JrD
2
= Jr(o.o01397f = 1.533£-6 m2
4 4
U = 9.42£-6 =6.146 ml
1.533£-6 Is
Pair = 1.1 Qkg/m3
flair = 1.84£-~ N's/m2
Phlood = 1.050£~ kg/m3
flhlood =3£-~ N's/m2
Re air =Re blood
[-] [-]pUDh pUDhf.l air - f.l blood
[
(1.19X6.146XO.001397)] =[(1 050P(~.~OI397)]
1.84£-6 air 3£-.) blood
Ublood = 1.136 I~{
Thc \'clocity in air has bccn convcrtcd into thc cqui\'alcnt \'elocity in a blood
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system. In the medical community, however, the ml/min is the standard measure of
flow rate; therefore one additional conversion must be performed for this value.
Qblood = (Ublood XA c ) = (I.l36X1.533E-6) = 1.741E-6 mj{
with 1m3 =IE6 ml & 60 s =1min
ml
Qblood =104.4-.
mm
2.1.3 Pressure Conversion
l1Pair = I1Pblood
[p;;/zL ~[P;;/ZLOd
286.46
air
=
(1050) (1.136)2
2 blood
M blood =7493.11 Pa
Traditionally, catheter studies represent pressure drop in units ofmmHg. This
conversion is shown below for datum #1.
I mmHg:::: 133.32 Pa
7493.11 Pa:::: 56.20 mmHg
The final result of the air to blood-equivalent conversion (including a shift
from standard SI units to units prevalent in the medical community) for datum #1 is
as follows:
Working Fluid Flow rate Pressure Drop
Air 9.42E-6 (n1"/s) 286.46 (Pa)
Blood 104.4 (ml'min) 56.20 (mmHg)
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For reference, conversion of the entire data set has been included in Appendix
D.
3. THEORETICAL FORMULATIONS FOR PRESSURE DROP
Many theoretical formulations for pressure drop exist. They predict, in
various levels of detail, the pressure drop along a tube. Relevant concepts are
illustrated in Figure 10 and described below.
3.1 FULLY DEVELOPED FLOW
Traditionally, nearly all catheter designs have been based on the assumption
of fully developed laminar flow (Poiseuille) along the tube (lumen). This assumption
has been employed to estimate the pressure drop through a given section, though
comparisons of theory versus experiment have been rather limited. Depner (2001)
employs Poiseuille's equation for pressure drop along a length of circular lumen:
By virtue of this approximation, he assumes a linear relationship between
lumen length and pressure drop. Poiseuille's equation also dictates a fourth-order
relationship between cross-sectional diameter and volumetric flow rate. Depner
(2001) concludes that increasing intemal diameter is the most effective method of
decreasing resistance to flow through the catheter.
i\1ahurkar (1985) also uses a similar assumption of Poiseuille flow for
calculation of the pressure gradient along a tube (lumen). He maintains that
theoretically predicted values for flow under a ginn pressure gradient agree
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sufficiently with data, except in the case of very low arterial pressure gradients. No
direct comparison of theory and data is provided. He also assumes that no
recirculation occurs, stating that, "the laminar flow in the catheter and in the central
veins also prevents recirculation because the laminae tend to flow by gliding and do
not mix."
3.2 DEVELOPING AND FULLY DEVELOPED FLOW
Other researchers have applied more specialized approximations which
account for losses due to developing flow.
3.2.1 Fox amI McDollald Model
The simplest method of accounting for pressure losses in the entry length of a
lumen involves use of an additional pressure term including a constant determined
from experimental data. This constant is employed in the following equation, with
the first tem1 remaining the original Poiseuille tenn:
3.2.2 Lallg/war Model
A similar model is proposed by Langhaar (1942). He notes that in the
transition length (a region of developing flow ncar the lumen entrance) the pressure
gradient is higher than for an equivalent length of fully developed flow along the
duct. because the kinetic energy of the fluid is increasing. He proposes the following
augmented version ofPoiseuille's equation for pressure drop. which includes an
additional tenn for development losses.
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- 2
AD _ 32!-'U L (11\ U-
D..J - 2 + 12!npDh -
The first term in the above equation represents losses as traditionally modeled
by Poiseuille's equation. The second term accounts for flow development losses, as
in the previous method. The value of the constant 111 has not been authoritatively
determined, but a range of values do exist, determined through both analytical and
experimental means. Langhaar suggests use of m = 2.28.
3.2.3 Shah Model
Using a modified version of a laminar flow model proposed by Shah (1978),
Jones (2005) describes flow through arteries and dialysis equipment. Shah presents a
closed-form solution for pressure drop which includes both a basic Poiseuille loss
term and an additional term for development losses. Unlike the others, his
formulation does not readily show the original Poiseuille term. A related point of
interest in catheter studies. Shah's work proposes solutions for both circular and
noncircular lumens. He suggests the following relationship for pressure loss in a
circular lumen:
t-,.P =13.74.JC + 1.25 + 64L+ -13.74f1!
1+ 0.00021(«r-
The constant \'alues in the abo\'e equation are byproducts of both the constants
included in the standard Poiseuille approximation and \'alues detennined
experimentally. It should be noted that the constant 0.00021 has been tuned to best
match existing experimental data and is not purely analytical.
3.3 DEVELOPING AND FULLY DEVELOPED FLOW IN PRESENCE OF SIDE HOLE
FLOW
Another key feature of catheters, which influences the flow and therefore the
pressure drop of blood along a lumen, is the hole geometry. Many catheters include
side holes through which blood or another working fluid may enter or exit a lumen
perpendicular to the main flow direction. Although effective modeling of this hole
condition has not been widely studied (Twardowski 2001), several related
interpretations are included below.
3.2.2 Fox & McDollald Model
Perhaps the most basic estimate of the pressure loss due to side holes can be
found by approximating the hole as an orifice constriction within a flow. Fox and
McDonald (1998) provide a method for such calculations similar to that employed in
calculating development losses. A constant is chosen from charts based on
experimental data. The value of this constant is govemed by the relative diameters of
the orifice and the existing flow. This results in the following equation for pressure
loss through a lumen with a side hole (excluding development losses):
3.2.3 Manifold DiJtrihlltion Model
A more sophisticated analysis of the effect of flow branching is presented by
Bajura (1971). He develops a model for the effect of flow making a right angle
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departure from the main stream, see Figure 12. This method, although more complex
than that of Fox and McDonald, still relies on experimental data to determine a
necessary constant. Bajura's formulation, modified to account for the specific
conditions of catheter side holes (see Figure 11) is shown below.
2
M=[I+CTd +(1 ~,m
In this equation, CTd represents a turning loss coefficient for dividing flow as
presented by Bajura. It accounts for additional pressure drop caused by the flow
being directed around a comer. Values for this coefficient can be found using plots
provided in the reference.
4. PRESSURE DROP DUE TO GENERIC CATHETER COMPONENTS AND
CONFIGURATIONS
4.1 PRESSURE DROP ALONG PLAIN TUBES OF DIFFERENT CROSS-SECTIONS
The most basic of the configurations tested are plain metal tubes with a
nominal interior diameter on the scale of a lumen in commercially available catheters.
Several variations of this tubing are tested to determine the effects of length and
shape on pressure drop. These data are then compared to widely accepted equations
for pressure drop due to fully developed. or Poiseuille. flow and developing flo\\'.
Through this process. the accuracy of theoretical models and acquired data can be
reasonablY validated.
4. J. J Circular Tuhe
Figure 13 shows the relationship obserwd between volumetric now rate and
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pressure drop through a tube of circular cross-section. The range of flow rates tested
was chosen to approximate current and expected future ranges in actual hemodialysis
catheters. These data were taken using a stainless steel circular tube of nominal
internal diameter lAO mm and a reentrant inlet condition (see Figure 11). This
simple tube allowed for comparison against well-established theoretical models.
The fully developed laminar flow equation (Poiseuille's Law) is labeled with
the notation FD (fully developed). Particularly for higher flow rates, the fully
developed model is a rather poor fit to the data. In order to more effectively predict
the pressure drop, an approximation which includes losses for developing flow, due to
the change from a constant velocity profile to the parabolic profile shown in Figure
10, is necessary.
A model that effectively incorporates this addition without significant increase
in complexity is presented by Langhaar (1942) (see section 3.2.2). Using this
developing-flow pressure drop approximation, the experimental results can be
predicted with significantly increased accuracy. represented by curves FD+D in
Figure 13.
These data also reveal the influence of aspect ratio. i.e .. dimensionless tube
length LID. where L is length and D is diameter). As expected. a lumen with a larger
aspect ratio will exhibit smaller losses due to flow development. This is evident in
the disparity between the fully developed (Poiseuille) and developing (Langhaar)
flow approximations. A greater gap indicates a greater percentage of the overall
pressurc drop is duc to dcveloping flow losses. The aspect ratio for the shorter tube.
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LID = 80, is representative of several common commercial hemodialysis catheters.
Other configurations tested include simple generic catheters in a variety of
cross-sections. These consist of small diameter tubing in several simple cross-
sections. Sizes were chosen based on available tubing, which most nearly matched
the scale of commercial catheter lumens. Tubes of semi-circular, square, and
hexagonal cross-sections were tested and compared to the circular tube data shown
previously. The aim of testing such dissimilar cross-sections was to study the effect
of cross-sectional geometry on the nature of flow through a lumen. Many
commercial designs feature unusual cross-sectional shapes. The presence of multiple
Iumens in many commercial catheters results in a variety of intricate cross-sectional
patterns.
A number of previous investigations have attempted to predict the effect of
arbitrary cross-sections on pressure drop and other related flow characteristics.
Walker. Whan. and Rothfus (1957), Shah (1974), Sparrow and Haji-Sheikh (1966).
and Ray and Durst (2004) have presented results on the influence of arbitrary cross-
sections on pressure drop. The concept of hydraulic diameter utilized below is
significantly less complex than methods presented in these articles. but appears to
significantly improve the prediction of pressure drop.
4./.2 Semi-circular Tuhe
Figure 14 shows the relationship between volumetric flo\\' rate and pressure
drop along a plain semi-circular tube. These data folio\\' the same general trend
observed for the circular tube. In order to use the same approximations ShO\\11 above
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for the circular cross-section, the concept of hydraulic diameter (Dh) is introduced.
Also evident on the plot is the influence of flow development on pressure drop for a
semi-circular tube. The fully-developed curve (labeled FD) departs significantly
from the data with increasing flow rates. With the addition of the flow development
model (FD+D), however, the data are quite accurately predicted.
4.1.3 Square Tube
Figure 15 shows the relationship between volumetric flow rate and pressure
drop along a plain square tube. These data follow the same general trend observed in
the previous cases (see section 4.1.1, 4.1.2). Again, hydraulic diameter (Dh) is
employed to allow use of the standard approximations (FD, FD+D). The influence of
flow development on pressure drop is noticeable. The fully-developed flow
approximation (FD) departs significantly from the data with increasing flow rates. but
the data are well-predicted by the addition of the flow development model (FD+D).
4.1.4 He.mgollal Tube
Figure 16 shows the relationship between volumetric flow rate and prcssure
drop along a plain tube of hexagonal cross-section. These data follow the samc
general trend obscrvcd in the previous cases (sec section 4.1.1-4.1.3). Again.
hydraulic diametcr (Dh) is employed to allow usc ofthc standard prcssure drop
approximations (FD. FD+D). The influencc of flow devclopmcnt on pressurc drop is
noticcable. The fully-dcvcloped cur\"c (FD) departs significantly from the data with
increasing flow rates. but. as beforc. the data are well-predicted by the addition of the
flow dewlopment model (FD+D).
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4.1.5 Cross-sectiollal comparisoll
Figure 20 shows the relationship between dimensionless pressure drop per
unit length and volumetric flow rate for several tubes of different cross-sections. As
before, the pressure drop through a plain lumen with a reentrant inlet condition is
shown across a range of flow rates relevant to commercial catheter use.
Due to constraints related to the size and shape of commercial tubing, the
hydraulic diameter (Oh) and cross-sectional area (Ae) for all tubes could not be
exactly matched. Because of these differences, and to maintain the aspect ratio
(LlOh) constant for all tubes, the tubing length L differs for each tube. In order to
compensate for these differences, the dimensionless pressure per unit length (~P/(1j2
pU 2)/L) is used to quantify the pressure drop. The dimensionless value accounts for
the impact of differences in cross-sectional area by nom1alizing the pressure by the
square of the mean velocity.
These data show a slight trend toward lower values of pressure drop for cross-
sections having fewer sharp interior angles. Cross-sections closer to the ideal,
circular cross-section. such as the hexagonal shape. seem to result in lower pressure
drop than those with sharp interior angles, like the semi-circular tube.
4.2 EFFECT OF SCALE OF SIDE HOLE ON PRESSURE DROP ALONG TUBES OF
DIFFERENT CROSS-SECTIONS
Commercial catheters generally include at least one side hole through which
flow enters or exits a lumen. To study the effect of a side hole on pressure drop.
additional generic catheter configurations were deYeloped. The key feature of these
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generic catheters is a hole drilled perpendicularly to the tube surface near one end.
This hole is intended to replicate the conditions found near side holes in commercial
catheters. Configurations were machined with circular holes of various diameters in
order to examine the effect of hole size on pressure drop. The hole diameter (d) is
normalized by the interior hydraulic diameter (Oh) of the tube. Several values of this
dimensionless ratio Cd/Oh) were tested for each tube, in order to be compatible with
other experimental investigations underway in the present research program. The
d/Oh ratios tested were: 0.25, 0.45, 0.60, 0.85, and 1.2. These values are also
representative of the range of side hole sizes found in common commercial catheters.
Circular, square, and hexagonal cross-sections were tested to detemline possible
effects of cross-sectional shape on pressure drop in the presence of side holes.
4.2.1 Circular Tube
Figure 17 shows the effect of hole size on the pressure drop through a circular
tube. As before, the relative size of the side hole is defined by a dimensionless ratio
(d/Oh) which includes both the side hole diameter (d) and the hydraulic diameter Oh
for the circular tube. which is simply Oh = O. The lowest pressure drop occurs along
a plain tube. that is, a tube with a reentrant inlet without a side hole (see Figure 11).
These data suggest that when flow enters a lumen through a side hole. the
pressure drop increases. even if the side hole has a larger diameter than the reentrant
inlet fonned by the nominal diameter of the tube. As the relative size (d/Oh) of the
side hole decreases. the pressure drop increases. This result agrees with expectations.
that is. smaller side holes restrict now entry and also generate high entry velocities.
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Among the anticipated effects are flow distortion and flow separation downstream of
the hole. All of these effects contribute to increased pressure drop.
4.2.2 Square Tube
Figure 18 shows the effect of relative size of the side hole inlet on the pressure
drop through a square tube. The data for this configuration are quite similar to the
data for the circular tube, i.e., the same fundamental relationship occurs between
relative size of the side hole and pressure drop. Again, even a side hole larger than
the hydraulic diameter of the lumen itself induces a pressure drop larger than that for
a reentrant inlet.
4.2.3 Hexagonal Tube
Figure 19 shows the effect of relative size of the side hole on the pressure
drop through a hexagonal tube. The data for this configuration are quite similar to the
data for the two previous cases (circular and square cross-sections). The same
fundamental relationship occurs between relative size of the side hole and pressure
drop. Again. even a side hole larger than the hydraulic diameter of the lumen itself
contributes to an increase in pressure drop compared to that of a reentrant inlet.
4.3 EFFECT OF SIDE HOLE CONFIGURATION ON PRESSURE DROP ALONG A
TUBE OF SEMI-CIRCULAR CROSS-SECTION
Additional gcneric cathctcrs wcrc crcatcd with scmi-circular or "D-shapcd"
lumcns. This cross-scctional shapc is highly rcprcscntati\'c of common commcrcial
cathctcr lumcns.
Thcsc configurations wcrc uscd for furthcr il1\"cstigation of thc effcct sidc of
holc charactcristics on prcssurc drop. Unlikc thc prc\'ious gcneric cathetcrs. these
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semi-circular lumen configurations were tested using multiple side hole shapes, both
circular and elliptical. The elliptical holes were chosen to closely mimic the non-
circular shape of side holes in most commercial catheters. Again, sizes were chosen
to be representative of a range of relevant hole sizes and to match other investigations
within this research program. The hole sizes and shapes tested are shown in the table
below. These experiments were performed using the semi-circular cross-section
shown above with an exterior diameter (Ocxlcnor) of roughly 3.83E-3 m and a
hydraulic diameter (Oh) of roughly 1.5E-3 m. Examples of the configurations tested
can be seen in Figures 21-24.
Hole Hole Axis* Major Minor Hole Shapes andd10cxlcrior Area Axis AxisFamily (m2) Ratio Length (m) Length (m) Orientations* *
#1 0.25 7.20E-7 1.66 1.23E-3 7.44E-4 Circle, Parallel(small) Ellipse
#2 Circle, Parallel
(medium) 0.6 4.15E-6 1.90 3.17E-3 1.67E-3 Ellipse, 45"Ellipse
#3 Circle, Parallel
(large) 0.85 8.34E-6 1.90 4.49E-3 2.36E-3 Ellipse, 45"Ellipse
*AXIS ratIO IS the ratIO of the length of the major axis to the length of the
minor axis of the ellipsis for a hole family
**Ellipse orientation refers to the relationship between the major axis of the
ellipse and the direction of flow within the lumen (i.e. parallel denotes
that the major axis of the ellipse is parallel to the length of the lumen.
angled ellipse denotes a 45' angle exists between the major axis and
the length of the lumen)
Table 1: Elliptical side hole specifications
Side Hole Scale. Figure 24 shows pressure drop measured along a number of
semi-circular lumens of equal aspect ratio (L/Oh). each with a defined side hole. The
two smallest side holes. ofrclati\"e area ratio (Ah,'I/Alumcn) 0.24. cause a significantly
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larger pressure drop than the larger holes. The two larger hole families, of relative
area ratios 1.38 and 2.78, cause pressure drops similar in magnitude. The magnitudes
of these pressure drops are substantially smaller than the drops associated with the
smallest holes.
These observations agree with the data presented in section 4.2 on the effect
of side hole scale on pressure drop along tubes of various cross-sections. Relatively
small side holes cause significant increases in pressure drop when compared to a
plain lumen. Larger side holes cause an increase in pressure drop, but it is not nearly
as dramatic as that due to the small side holes. Also, as the relative size of the side
hole increases, the benefit in reduced pressure drop for increasing the size of the side
hole appears to diminish.
Side Hole Shape. Figure 21 shows the effect of side hole inlet shape on
pressure drop through a semi-circular lumen of aspect ratio Lc/Dh = 105. The side
inlets for this configuration are from family #1 (sec Table 1), which have a relative
hole area ratio (AllOlclAlumcn) of approximately 0.24. The plot shows only a minor
difference between pressure drop through a circular inlet and through a comparable
(of equal cross-sectional area) elliptical inlet aligned with the main lumen axis. For
reference. the data for the pressure drop through a plain lumen of the same effective
length. as well as the theoretical pressure drop (FD+D) for the plain lumen are
included on this plot.
Figure 22 shows the effect of shape of the side hole on pressure drop through
a semi-circular lumen of aspect ratio LciDh = 105. The side holes for this
configuration are from family #2 (see Table 1), which have a relative hole area ratio
Ahole/Alumen = 1.38. The plot shows no discernible difference in pressure drop caused
by flow through a parallel elliptical side hole (aligned with the main lumen axis) and
an angled elliptical side hole (main axis of ellipse at 45' angle to main lumen axis).
Flow through an equivalently sized circular side inlet shows a slightly larger pressure
drop across the range of flow rates tested. For reference, the pressure drop through a
plain lumen of equal effective length and the theoretical pressure drop (FD+D) for
this case are included on this plot.
Figure 23 shows the effect of shape of the side hole on pressure drop along a
semi-circular lumen of aspect ratio LclDh = 105. The side inlets for this configuration
are from family #3 (see Table 1), which have a relative hole area ratio AllOlc/Alumcn =
2.78. The plot shows no discernible difference in pressure drop caused by flow
through a parallel elliptical side hole (aligned with the main lumen axis) and an
angled elliptical side hole (main axis of ellipse at 45' angle to main lumen axis).
Flow through an equivalently sized circular side inlet also appears to cause an
approximately equal pressure drop. For reference, the pressure drop through a plain
lumen of equal effective length and the theoretical pressure drop (FD+D) for this case
are included on this plot.
As before (see section 4.2) the data suggest that side hole inlets increase
pressure drop, even as inlet size approaches and exceeds the size of the lumen itself.
From these figures, it is also not apparent if there is a definite influence of hole shape
on pressure drop. They do suggest. however. that any influence is likely to be fairly
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minor in nature, and secondary to the hole size effect described above.
Side Hole Families and Comparison with Theory. Figures 25, 26, and 27
show the pressure drop caused by flow through the circular side holes for each
relative hole area ratio Ahole/Alumen = 0.24, 1.38, 2.78. These plots differ from the
previous data in that they include a standard orifice approximation (0) for pressure
drop. This model (see section 3.2.2) attempts to account for pressure drop caused by
flow through an orifice and was adapted to improve the accuracy of the standard
FD+D model used in the foregoing.
The data of Figure 25 show that the addition of the orifice correction to the
pressure drop approximation (FD+D+O) significantly improves the accuracy of the
prediction compared to the FD+D approximation. It does not, however, predict the
measured pressure drop with suitable accuracy and clearly underestimates the effect
of the side hole on pressure drop.
As the relative size of the side hole increases (see Figures 26 and 27) the
measured pressure drop approaches that along the plain lumen. The predicted
pressure drop through the side hole FD+D+O also approaches the plain lumen
approximation. FD+D. In Figure 26. for a relative hole size d/Dc\l = 0.60. the
FD+D+O approximation significantly under-predicts the measured pressure drop. but
to a lesser degree. than for a relative side hole size of 0.25 (Figure 25). In Figure 26.
for a relative hole size d/Dc\1 = 0.85. the FD+D+O approximation still under-predicts
the measured pressure drop across the entire flow rate range. but the underestimation
is again smaller.
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This orifice approximation (FD+D+O) appears to be inadequate to fully
predict the pressure drop through a lumen with a side hole inlet. As side hole inlet
size increases, and the relative pressure drop caused by the side hole decreases, the
orifice approximation improves in accuracy.
4.4 EFFECT OF ASPECT RATIO (UD,J ON PRESSURE DROP ALONG A
TUBE OF SEMI-CIRCULAR CROSS-SECTION IN THE PRESENCE OF A SIDE
HOLE
To examine the influence of changes in aspect ratio on the pressure drop in the
presence of a side hole, various lengths of semi-circular generic catheters were tested.
By varying the effective length (Lc) of the lumen (the distance from the side hole to
the outlet). the relative significance of the side hole to the overall pressure drop can
be estimated. Figure 28 shows the pressure drop per unit length (~P/L) through three
semi-circular lumens. each with an elliptical side hole of equal size. The lumens are
of different lengths. but identical cross-sections. This results in three different aspect
ratios for the lumens (Lc/Dh): 85, 95, and lOS.
The data in Figure 28 show that the lumen with the smallest aspect ratio
produces the highest pressure drop per unit length. As the aspect ratio increases. the
pressure drop per unit length decreases slightly. This implies that the pressure drop
through a lumen with a side hole is strongly affected by the presence of a side hole
inlet. This result agrees. in general. with pre\"ious results regarding the impact of side
holes on pressure drop.
26
4.5 EFFECT OF SUDDEN CROSS-SECTIONAL EXPANSION ON PRESSURE DROP
Commercial catheters transport blood through one or more lumens which
terminate (at the end opposite the tip) in a structure known as the "head-junction."
This serves to separate the lumens into multiple flexible tubes which can be fitted
with standard size adapters to allow interface with a variety of medical equipment.
The transition between the lumen of arbitrary cross-section and smaller size and the
tubing of larger circular cross-section is a potentially significant addition to pressure
drop along an entire catheter.
To mimic this transition, a generic catheter approximately representative of a
commercial catheter lumen was fitted with tubing similar to that found following a
lumen in many commercial catheters (see Figure 29). The effect of the sudden
expansion from the relatively narrow main lumen (circular in cross-section, Dlumcn =
lAO mm) to the relatively large tubing (also circular. Dtubing = 3.18 mm) on pressure
drop was examined by comparing the results to the pressure drop through the main
lumen only. Several different lengths (0.152, 0.305, 0.914 m) of tubing were tested.
resulting in aspect ratios LtubinglDtubing = 48. 96. and 288. This was done to detennine
the effect of tubing of a range of lengths relevant to commercial catheters. and also to
distinguish the effect of pressure drop through the tube from the secondary pressure
drop caused by the expansion itself. Also. a test was perfonned with the
configuration reversed. with flow entering through the tubing and exiting through the
lumen. This test mimics the conditions seen in injection flow throullh a catheter.
. ~
Figure 29 shows the data acquired with these configurations. As expected. the
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lowest pressure drop is observed along the main lumen only, with no tubing attached.
The pressure drop increases only slightly with the addition of tubing, and continues to
increase as the tubing is lengthened. These results also agree with expectations. The
reversed configuration (flow enters through tubing, then undergoes contraction
entering main lumen) produces the maximum pressure drop, slightly larger than that
of the identical configuration with flow in the opposite direction. From these results,
it appears that the interface between the main lumen and the tubing in a catheter in the
"head-junction" is not likely to be a significant source of additional pressure drop.
5. CONCLUDING REMARKS
Chronic hemodialysis treatment often requires use of specialized central
venous catheters. These catheters are available in many different forms. Several
features, however, are fairly standard among all models. As the primary function of a
catheter is to transport blood or other fluids, all catheters have at least one lumen.
This lumen is of arbitrary shape and may be one of several in the catheter. Many
lumens have inlets or outlets for flow in the fom1 of side holes near the tip of the
catheter. In this investigation, these common characteristics are replicated through
the use of a number of generic catheter configurations. An experimental system.
based in air. was developed for measurement of pressure drop along these generic
catheters. This method allowed for identification of the effect on pressure drop of
specific catheter features.
Comparison of data collected using a plain circular tube with a standard
approximation for pressure drop based on fully developed. or Poiseuille. flow 5ho\\'5
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insufficient agreement. A revised model that considers the additional pressure drop
caused by developing flow is employed to significantly improve agreement across the
range of flow rates tested.
Lumens of various cross-sectional shapes were also tested. A comparison of
the resulting data shows that pressure drop may be lower through a simpler cross-
section, that is, a cross-section with more gradual interior angles. The circular cross-
section proved to be the most efficient, providing the lowest pressure drop for a given
flow rate, followed closely by the hexagonal cross-section. The square and semi-
circular cross-sections caused slightly greater pressure drops, again, perhaps due to
flow distortion caused by the sharp angles of the shape.
Several cross-sectional shapes were also used to test the effect of relative side
hole size (d1Dh) on pressure drop. Pressure drop was measured along a series of
lumens, each of which had a side hole inlet of different size. Data collected show that
the presence of a side hole does significantly affect the pressure drop along a lumen.
For all sizes of side hole tested. lumens with a side hole inlet caused greater pressure
drop than a plain lumen. This was consistent for all cross-sectional shapes tested.
Also consistent across the different cross-sections was the outcome that relative side
hole size dictates this additional pressure drop. Larger side holes produce lower
pressure drop: smaller side holes produce greater pressure drop.
The influence of side hole shape was observed using identical semi-circular
lumens with side holcs in circular and two different elliptical shapes. These tests
show that for a side hole of given size (area of the side holcs are constant regardlcss
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of shape), the pressure drop is fairly consistent. Also, as the side hole size increases,
any gains based on side hole shape appear to diminish.
The effect of aspect ratio (Le/Dh) on another set of identical semi-circular
lumens with side hole inlets was also measured. Pressure drop per unit length,
according to theoretical analysis, should be equal for any length lumen of a given
cross-section. Data collected, however, show that pressure drop per unit length is
greatest in lumens of smaller aspect ratio, or shorter lumens of a given cross-section.
This result agrees with intuition that side holes will account for a greater percentage
of the total pressure drop for shorter lumens. Therefore, the effect of side holes is
most critical to catheter performance in lumens with lower aspect ratios.
Finally, the effect of the head-junction and subsequent tubing attached to the
lumen in most commercial catheters was simulated. Using a generic catheter with a
sudden expansion and tubing attached, the pressure drop caused by these features was
replicated. Data collected show that the expansion from the main lumen to the larger
attached tubing was relatively minor compared to the pressure drop through the main
lumen itself. Also shown was that for reasonable lengths of attached tubing. an
increase in tubing length has little effect on total pressure drop. Pressure drop was
shown to be slightly greater for reversed flow in this case. Flow beginning in the
larger tubing and contracting suddenly into the main lumen caused greater pressure
drop than flow using the same generic catheter in reverse.
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Figure 1: Plan view of experimental system.
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Figure 3: FlowTechnology FTO-4NIYARGHC-O flowmeter.
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Figure 4: Omega FLRI006 flowmeter (left) and needle valve (right).
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Figure 5: Valid~lle DP 15 pressure transducer.
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INTENTIONAL SECOND EXPOSURE
Figure 3: FIO\\Tcchnology FTO-4NIYARGHC-O tlO\\mctcr.
Figure 4: Omega FLRI 006 flO\vmcter (left) and needle valve (right).
Figure 5: Validyne DP15 pressure transducer.
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Figure 6: Data collection station.
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Figure 7: LabVlEW data collection program (-.vi) screenshot: (A) upper plot for display of
continuous tlo\\TI1eter output with mean value numeric-display; (B) lower plot for display of
continuous pressure transducer output \,ith mean yaluc numerie-display.
34
INTENTIONAL SECOND EXPOSURE
Figure 6: Data collection station.
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Figure 7: LabVIEW data collection program (-.vi) screenshot: (A) upper plot for display of
continuous flowmeter output with mean value numeric-display; (B) lower plot for display of
continuous pressure transducer output with mean value numeric-display.
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Figure 8: Generic catheter mounted in plenum. A high pressure region exists to the right of
the flange. with the left side of the flange exposed to the atmosphere.
Fil:Urc 9: Commercial cathctcr mounted in plenum. A high pressure region exists to the right
of the flange, ,\ith the left side of the flange exposed to the aunosphere.
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INTENTIONAL SECOND EXPOSURE
8: Cie:Ile:l"IC c~1thde:r mounkd in plenul11 A high prc:ssure: re:gioll c:\ists to the nght of
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Figure 9: COTIul1ercial catheter mounted in plenum. A high pressure region exists to the right
of the flange, with the left side of the flange exposed to the atmosphere.
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Figure 11: Basic entry conditions relevant to those found in commercial catheters and the
pressure approximations used to describe catheter flow, This diagram loosely corresponds to
conditions which bring about the pressure drop approximations shown in Figure 10.
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Figure 12: Flow branching model from Bajura (1971).
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Figure 4: Pressure drop along two plain circular tubes of different lengths with reentrant inlets. Aspect ratios of the tubes are LID = 180
(internal diameter D = 1.40 mm and length L = 256 rom) and LID = 80 (internal diameter D = 1.40 mm and length L = 112 rom). as shown
on the respective plots. The aspect ratio of 80 is approximately equal to that of commercial hemodialysis catheters. Also shown are hvo
pressure drop approximations. one for fully-developed (FD). or Poiseuille. flow. and the second including the pressure drop due to fully-
developed and developing flow (FD+D) (see Figure 10 for details).
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Figure 15: Pressure drop along a plain square tube \\ith a reentrant inlet and aspect ratio LfDh
= 180 (hydraulic diameter ~ = 1.59 mm and length L = 2860101). Also sho\\TI are the fully-
developed (FD) and fully-developed and developing (FD+D) pressure drop approximations.
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Figure 16: Pressure drop along a plain hexagonal tube \\ith a reentrant inlet and aspect ratio
LfDh = 180 Olydraulic diameter Dh = 1.67 mm and length L = 304 mm). Also shown are the
fully-deycloped (FD) and fully-devcloped and deycloping (FD+D) pressure drop
approximations. as before.
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Figure 18: Pressure drop along a square tubc with sidc hole inlets and aspect ratio L./Di, =
180 (hydraulic diameter Dh = 1.59 mrn and cffcctivc length L =286 mm).
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Figure 21: Pressure drop along a semi-eircular lumen with a side hole inlet and aspect ratio
L.JDJ, = 105. TIle side hole inlets are characterized by the ratio of the area Ahn1e of the hole to
thc cross-sectional area A1urncn of the lumen. All clliptical holes havc thc same area as the
circular holc. with Ahclj~u;nC1 = 0.24. As a referencc. the ratio of the diameter d oftlle
circular side hole to the extcrior diameter Dc.~t of the tubc is dlDe-"1 = 0.25.
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Figure 22: Pressure drop along a semi-eircular lumen with a side hole inlet and aspect ratio
LjDh = 105. The side hole inlets are characterized by the ratio of the area Ah..,le of the hole to
the cross-sectional area A1u=" of the lumen. All elliptical holes have the same area as the
circular hole, with Ah.'l.JA!u= = 1.38. As a reference. the ratio of the diameter d of the
circular side hole to the e:\"terior diameter Dnt of the tube is dfDC....l = 0.60.
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Figure 23: Pressure drop along a semi-eircular lumen with a side hole inlet and aspcct ratio
LjDh = 105. Thc sidc holc inlets arc charactcrized by thc ratio ofthc area ~,Ie ofthc hole to
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Figure 24: Pressure drop along semi-circular lumens with side hole inlets of various shapes
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All lumens have an aspect ratio LjDh = 105.
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Figure 25: Pressun: drop along a semi-circular lumen with a side hole inlet and aspect ratio
L/Oh = 10:\. TIle ratio of the diameter d of the circular side hole to the exterior diameter 0<.;\.
of the tube is diO,x1 = 0.2:\. Also sho\\n are two pressure drop approximations. for fully-
dcydoped and de"doping (FD+D) flo'" as well as another which also includes pressure
losses through an orifice (FD+D+O)
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Figure 26: Pressure drop along a semi-circular lumen \yith a sidc hole inlet and aspect ratio
L;Dh = 10). TIle ratio of the diameter d of the circular side hole to the exterior diamctcr D(0,1
of the tllbe is d!D('1 = 0.60. Also shown are t\Yo pressurc drop approximations. for fully-
dcydoped and dc\doping (FD+D) flO\y as \\ell as another \\hich also includes pressure
losses through an orifice (FD+D+O)
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Figure 27: Pressure drop along a semi-circular lumen \\ith a side hole inlet and aspect ratio
L,/Dh == 105. The ratio of the diameter d of the circular side hole to the exterior diameter D",I
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Figure 28: Pressure drop per unit length along a series of semi-eircular tubes, each with an
elliptical side hole inlet. The relative area ratio of the side hole is ~ol,/Al~n = 1.38.
Pressure drops per unit length along three different effective lengths oflumen arc shO\\11,
resulting in a difference aspect ratio for eaeh of the three tubes: LjDh = 85, 95. 105.
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APPENDIX A: NOTATION
Ac: Cross-sectional area of lumen (m2)
Pc: Perimeter of cross-section (m)
d: Diameter of side holes (m)
; 4A
Dh: Hydraulic diameter of lumen cross-section Dh =__c (m)
Pc
Q: Volumetric flow rate (,,:3 J
p: Mass density of fluid ( k~ J
m
U : Meao velocity in tube U =i (';]
b I . , (N'SJ11: A so ute vIscosIty -2-
m
K' " , (m 2 Jv: mematlc vIscosIty -s-
Re: Reynolds number Re = pUDh =UDh
f.1 u
~P: Pressure drop (Pa)
- - M~P: Dimensionless Pressure drop M = II _')l2 PU -
L: Lumen length (m)
L+: Modified Length as given by Shah L+ = L
Dh Re
Aspect Ratio: Ratio of lumen length to lumen diameter .!:- or~
~ D Dh
K: Dimcnsionless constant defining pressure drop in region of developing flow as
given by Fox & McDonald
m: Dimensionless constant defining pressure drop in region of dcveloping flow as
givcn by Langhaar
K,,: Dimcnsionless constant dcfining pressurc drop due to orificc contraction flow as
givcn by Fox & McDonald
CTd: Tuming loss coefficient for dividing flow as givcn by Bajura
f: Friction t:1ctor f =~ (for laminar flow)
. Re \
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APPENDIX B: INSTRUMENT CALIBRATION DATA
Validyne Pressure Transducer Calibration Data
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Figure 30: Validyne DP 15 pressure transducer calibration plot.
Manometer reading (inches water)
0.00
1.00
2.00
3.00
4.00
5.00
6.00
7.00
7.80
0.00
1.00
2.00
3.00
4.00
5.00
6.00
7.00
8.00
Transducer output (V)
o
0.280713
0.573633
0.83208
1.1103
1.4063
1.67466
1.95439
2.18765
o
0.279782888
0.559565777
0.839348665
1. 119131554
1.398914442
1.678697331
1.958480219
2.238263108
Table 2: Validyne DPI5 pressure transducer calibratiC'n.
Flow
Technology
Q (ft3/min)
0.1500
0.1314
0.1157
0.1041
0.0922
0.0811
0.0728
0.0643
0.0575
0.0507
0.0449
0.0394
0.0348
0.0308
0.0276
0.0245
0.0219
0.0190
0.0171
0.0150
0.0000
Flow meter output (V)
10.000
8.761
7.711
6.938
6.148
5.409
4.856
4.289
3.833
3.379
2.991
2.628
2.321
2.053
1.837
1.630
1.458
1.268
1.141
0.997
0.000
Q (m 3/s)
7.079E-05
6.201E-05
5.460E-05
4.912E-05
4.351 E-05
3.827E-05
3.435E-05
3.034E-05
2.713E-05
2.393E-05
2.119E-05
1.859E-05
1.642E-05
1.453E-05
1.302E-05
1.156E-05
1.033E-05
8.966E-06
8.069E-06
7.079E-06
O.OOOE+OO
Table 3: Flow Technology flow meter calibration data.
Omega
Q (11m in)
5.0000
2.5000
1.0000
Flowmeter Voltage (V)
5.000
2.480
0.950
Q (m 3/s)
8.350E-05
4.175E-05
1.670E-05
Table 4: Omcga flow mctcr calibration data.
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APPENDIX C: OPERAnON OF EXPERIMENTAL SYSTEM
To start flow in the system, close all valves in air rig (Figure 2) and on supply
network (Figure 1). Begin by fully opening the main air supply valve (#1), then the
two downstream valves on the supply network (#2, #3). The pressure regulator
located immediately downstream of valve #2 can be adjusted to increase or decrease
pressure supplied. Once an acceptable level has been selected, however, this is
generally unnecessary. It should only be done with valves #4A and #4B on the air rig
fully closed to avoid risk of damage to the flow meters.
Figure 31: Air supply network for experimental system.
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Figure 32: Experimental system with operational labels.
Assumes all valves initially closed and left tank used for testing
To lise FlowTecJmology meter
To OPEN:
I) Open valve #6B fully
2) Open valve #4B slowly
3) Open valve #5B slowly
a. stop when voltmeter output changes
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Figure 32: Experimental system with operationallabcls.
Assumes all valves initially closed and left tank used for testing
To lise Flow Techllu!of.,J> meIer
To OPEN
1) Open valve #6B fully
2) Open valve #4B slowly
3) Open valve #5B slowly
a. stop when voltmeter output changes
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b. allow to settle
c. continue opening slowly until approaching desired value
d. output will continue to rise slightly after opening
e. outp~t rpust not exceed 10 V
'~./.
To CLOSE:
4) Close valve #5B slowly
a. pause occasionally to allow flow rate to stabilize
5) Close valve #6B fully
6) Close valve #4B slowly
To use Omega meter
To OPEN:
1) Open valve #6A fully
2) Open valve #4A slowly
3) Open valve #5A slowly
a. stop when voltmeter output changes
b. allow to settle
c. continue opening slowly until approaching desired value
d. output will continue to rise slightly after opening
e. output must not exceed 5 V
To CLOSE:
4) Close valve #5:\ slowly
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a. pause occasionally to allow flow rate to stabilize
5) Close valve #6A fully
6) Close valve #4A slowly
To collect data, a LabVIEW program (Air Rig DAQ.vi) has been created.
Running this program will collect data from both the pressure transducer and the flow
meter over a 10 second interval. A continuous plot of the output is created during this
range, and the mean value is also displayed.
APPENDIX D: DATA CONVERSION
Data taken from the air system, using a plain round tube with a nominal 10 of
1.397E-3 m are summarized as:
# Q (m3/s)
1 9.42E-06
2 1.38E-05
3 2.08E-05
4 2.85E-05
5 3.58E-05
6 3.99E-05
i1P (Pa)
286.46
438.80
738.60
1104.22
1541.59
1932.97
Aftcr convcrsion to blood cquivalent units (see section 2.1 for details):
# Q(m3/s)
1 104.44
2 153.00
3 230.61
4 315.98
5 396.91
6 442.37
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i1P (Pa)
64.73
99.16
166.91
249.53
348.36
436.80
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